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Abstract 
The electrical and thermoelectric properties of group VI metal silicides, such as the Mo- and W-silicides as well as CrSi2, were 
investigated. The electronic band structures of the hexagonal-MoSi2, -WSi2 and CrSi2, were calculated using the first-principles 
total-energy calculation program in pseudopotential schemes with plane-wave basis functions, and their Seebeck coefficients 
were also calculated. In addition, the Mo- and W-silicides were synthesized using mechanical alloying followed by a spark 
plasma sintering technique, and their structural, electric and thermoelectric properties were examined. 
© 2010 Published by Elsevier B.V. 
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1. Introduction 
Recently, semiconducting silicides, which consist of non-toxic and abundant materials, have attracted much 
attention for their potential to create new classes of environmentally conscious electronics. Transition metal (TM) 
silicides are categorized in this material group, and ȕ-FeSi2 and MnSi1.7 have been intensively investigated. For the 
group VI metal silicides, CrSi2 has been intensively investigated and reported as a narrow band gap semiconductor 
with the indirect band gap of about 0.35 eV, and it has been considered to be one of thermoelectric materials in the 
past decade [1,2].  
On the other hand, the Mo-Si system has multiple intermetallic compounds, for example, Mo3Si, Mo5Si3 and 
MoSi2, and in the same manner, the W3Si, W5Si3 and WSi2 phases exist in the W-Si system. MoSi2 and WSi2 have 
stable tetragonal phases and are used as gate materials in large scale integrated circuits. On the other hand, the 
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hexagonal phase MoSi2 and WSi2 have been grown as epitaxial layers on Si substrates, and these hexagonal-MoSi2
and -WSi2 are considered to be narrow gap semiconductors [3].  
Besides the early work by Mattheiss and others [3-5] and the recent study to accurately determine the lattice 
constants and position parameters of atoms [6], the theoretical results of the hexagonal-MoSi2 and -WSi2 have not 
been experimentally examined, and few reports have been published on the growth of bulk scale hexagonal-MoSi2
and -WSi2 crystals. Though it is worthwhile to further discuss their thermoelectric properties, the thermoelectric 
properties of the hexagonal-MoSi2 and -WSi2 are not well understood.  
In this study, the bulk scale Mo-silicide and W-silicide crystals were synthesized, and the electric and 
thermoelectric properties of the silicides as well as the CrSi2 bulk crystals were characterized. In addition, the first-
principles analyses of the electronic structures and thermoelectric properties of the silicides are presented.  
2. Experiments 
The Mo- and W- silicide powders were synthesized by mechanical alloying (MA) method. As the starting 
materials, Mo (99.97%up, 0.7 ȝm) or W (99.997%, 0.6-0.99 ȝm) powders and #200 mesh Si powder (74 ȝm, 
99.9999% ) were used. The Mo or W and Si powders were weighed in the molar ratio of Mo(or W):Si=1:2.2. The 
powders and steel milling balls were placed in a steel vial under an argon atmosphere, then the vial was sealed by an 
O-ring. The milling was carried out using a SPEX 8000 vibratory mill. The Mo- and W-silicide sintered compacts 
were then synthesized from the silicide powders using the spark plasma sintering (SPS) technique at 600 °C and 
pressure of 50 MPa for 20 min in a vacuum chamber, which was pumped to a back pressure of 10-2 Torr. The 
powder morphology and composition of the compacts were characterized by scanning electron microscopy (SEM) 
and energy dispersive X-ray spectroscopy (EDS). The electrical conductivity and the Seebeck coefficient of the 
silicides were measured over a temperature range from 100 to 500 °C using a ULVAC ZEM-1 apparatus. As a 
comparison, a commercially available CrSi2 bulk crystal was also evaluated.  
The electronic band structures of the CrSi2, hexagonal-MoSi2 and -WSi2 were calculated using the first-principles 
total-energy calculation program in pseudopotential schemes along with the plane-wave basis functions of the 
silicides. The program allows a quick processing to find a solution.  
3. Results and Discussion 
CrSi2 and the metastable MoSi2 and WSi2 belong to the D6
4 P6222  space group with a hexagonal structure. The 
electronic band structures were calculated using the lattice constants a and c of CrSi2 which are 0.4420 and 0.6349 
nm, respectively, and “ideal” silicon position parameters [4]. For the hexagonal-MoSi2 and -WSi2, the lattice 
constants used were a=0.4605 and c=0.6559 nm and a=0.4614 and c=0.6414, respectively [5].  
Figures 1 (a), (b) and (c) show the calculated electronic band diagram, density of state (DOS) and temperature 
dependence of the Seebeck coefficient with the corresponding carrier densities of CrSi2, respectively. The Seebeck 
coefficients of the silicides were calculated using the expression described in Ref. 7, with the corresponding 
assumed carrier density. In addition, the calculated electronic band diagram, density of state and temperature 
dependence of the Seebeck coefficient of the hexagonal-MoSi2 and -WSi2 are shown in Fig.2 and Fig.3, respectively. 
The calculated features of the electronic band diagram and the density of the states of the silicides almost agree with 
those reported in Refs.[3-5]. It was calculated that the energy band gaps of the CrSi2, hexagonal-MoSi2 and -WSi2
are 0.32, 0.05 eV and nearly zero, respectively. On the other hand, the band gaps of CrSi2, MoSi2 and WSi2 were 
reported to be 0.29, 0.07 and 0.07 eV in Ref.3, and 0.30, 0.02 and -0.03 eV in Ref.4, respectively. It was also 
reported that the calculated band diagram of CrSi2 is sensitive to subtle structural variations of either the near-
neighbor coordination geometry or the long range stacking sequence of the CrSi2 layers [8]. Recent calculation 
results also showed that the calculated energy band gap is about 0.35 eV [9], which agreed with the previously 
mentioned calculation. For the hexagonal-MoSi2 and WSi2, the calculated Seebeck coefficients around 100 ȝV/K 
are roughly obtained for the higher carrier density of around 1020 cm-3 in the range of 300-800 K. The power factor 
of the materials is defined as S2ı, where S is the Seebeck coefficient, and ı is the conductivity. On the other hand, 
the relationship between the Seebeck coefficient and the carrier density is shown in Ref.10. Assuming that the 
temperature dependence of the carrier mobility is negligible, the Seebeck coefficient is roughly described as 
S~Alnı+B, where A and B are constants. Based on this relationship, it is expected that the silicides with the Seebeck 
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coefficient of about 100 ȝV/K and higher conductivity (or carrier density) have higher power factors in the selected 
temperature range.  The calculation results suggest that the hexagonal-MoSi2 and -WSi2 have high potentials to be 
efficient thermoelectric materials in the middle temperature range. 
Fig.1 (a) calculated electronic band diagram, (b) density of state and (c) temperature dependence of Seebeck 
coefficients with the corresponding carrier densities of CrSi2.
Fig.2 (a) calculated electronic band diagram, (b) density of state and (c) temperature dependence of Seebeck 
coefficients with the corresponding carrier densities of the hexagonal-MoSi2.
Fig.3 (a) calculated electronic band diagram, (b) density of state and (c) temperature dependence of Seebeck 
coefficients with the corresponding carrier densities of the hexagonal-WSi2.
Experimentally, the electrical and thermoelectric properties of CrSi2 have been intensively investigated. Nishida 
et al. reported that the single crystals are a degenerate semiconductor and excess chromium atoms act as acceptors in 
the crystal [2]. Recently, the thermoelectric property of CrSi2 synthesized by arc melting and compacted by uniaxial 
hot pressing [9] or MA method [11] was determined. On the other hand, the metastable hexagonal-MoSi2 and -WSi2
layers have been formed using ion-implantation techniques and low annealing temperatures [12]. However, it is not 
clearly understood whether the metastable hexagonal-MoSi2 and -WSi2 exhibit semiconducting or semimetallic 
behavior experimentally.  
Fig.4 SEM images and EDS spectra of (a) Mo- and (b) W-silicides synthesized by MA method followed by SPS 
technique.  The density of the compacts is about 3 g·cm-3 for both the Mo-and W-silicides. 
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Fig. 5 Temperature dependence of (a) the conductivity and (b) Seebeck coefficients of the Mo-silicides, W-
silicides and CrSi2.
Figure 4 shows SEM images and EDS spectra of the (a) Mo- and (b) W-silicides synthesized by MA method 
followed by the SPS technique. The compacts mainly consist of powders with a size of about 1ȝm, which are about 
the same as the original Mo or W powder size. On the other hand, it was found that the larger Si powders have been 
crushed and are not observed in the images. In addition, the EDS spectra of the Mo- and W silicides suggest the 
composition of the powders in the images of Mo:Si§1:2 and W:Si§1:3 for the (a) Mo- and (b) W-silicides, 
respectively. This result shows that the MA method followed by SPS condition leads to a homogeneous 
compositional distribution throughout the compacts, though a small amount of Fe and Cr contaminants from the 
steel vials are observed in the powders.
Figure 5 shows the temperature dependence of (a) the conductivity, and (b) the Seebeck coefficient of Mo- and 
W-silicides and CrSi2. The temperature dependence of the CrSi2 conductivity is explained due to its p-type 
degenerate semiconductor characteristics. On the other hand, the temperature dependence of the Mo- and W-silicide 
conductivities show a narrow gap semiconductor behavior with the activation energies of 0.01 and 0.005 eV, 
respectively. These results are consistent with the calculated features of the hexagonal-MoSi2 and -WSi2 for the 
extremely lower carrier density.  It is also noted that both of the silicides show a p-type conduction.  
Because of the existence of high temperature and the tetragonal metallic phase, the treatment temperature should 
be lower than about 700 °C to form the low temperature, hexagonal semiconductor phases for the growth of MoSi2
and WSi2. It is expected that the optimization of the synthesis process and refinement of the structural quality of the 
silicides will lead to improvements in the electrical and thermoelectric properties of the silicides. 
4. Conclusion 
  The electrical and thermoelectric properties of the group VI metal silicide were characterized. The Mo- and W-
silicide compacts were synthesized by MA method followed by the SPS technique. The observed electrical 
properties support the calculated band diagrams of the silicides. Though the synthesis techniques of the silicides 
should be improved, the electronic band structures calculated results show that the hexagonal-MoSi2 and -WSi2 are 
promising as thermoelectric materials in the middle temperature range.  
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